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With the publication of the sequence of the human genome, we are 
challenged to identify the functions of an estimated 70,000 human 
genes 1 - 2 and the much larger number of proteins encoded by these 
genes. Of particular interest is the identification of gene products that 



play a role in human disease pathways, as these proteins include 
potential new targets that may lead to improved therapeutic strate- 
gies. This requires the direct measurement of gene function on a 
genomic scale in cell-based, functional assays. We have construct- 
ed and validated an individually arrayed, replication-defective aden- 
oviral library harboring human cDNAs, termed PhenoSelect library. 
The adenoviral vector guarantees efficient transduction of diverse 
cell types, including primary cells. The arrayed format allows screen- 
ing of this library in a variety of cellular assays in search for gene(s) 
that, by overexpression, induce a particular disease-related pheno- 
type.The great majority of phenotypic assays, including morpholog- 
ical assays, can be screened with arrayed libraries. In contrast, 
pooled-library approaches often rely on phenotype-based isolation 
or selection of single cells by employing a flow cytometer or screen- 
ing for cell survival. An arrayed placental PhenoSelect library was 
screened in cellular assays aimed at identifying regulators of osteo- 
genesis, metastasis, and angiogenesis. This resulted in the identifi- 
cation of known regulators, as well as novel sequences that encode 
proteins hitherto not known to play a role in these pathways. These 
results establish the value of the PhenoSelect platform, in combina- 
tion with cellular screens, for gene function discovery. 

We have generated an individually arrayed, adenoviral cDNA library 
from a 12-week-old human placenta, a tissue known to express a 
diverse set of genes. The adenoviral vector system is based on the 
adenovirus serotype 5 genome (Ad5), from which the El and E2A 
regions have been deleted. These regions are included in the 
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Figure 1. Induction of osteoblast formation. (A) To identify factors that 
induce osteoblast differentiation, mesenchymal stem cells were seeded in 
384-well plates and infected in duplicate with individual adenoviruses 
from the placental cDNA library. Alkaline phosphatase (AP) activity was 
determined using 4-methylumbelliferyl heptaphosphate (MUP) six days 
after infection. (B) Graphic representation of a 384-well plate showing 
average AP activity. Arrow indicates a positive result. (C) Primary human 
MSG were infected with BMP-2 (positive) or enhanced green fluorescent 
protein (eGFP; negative) control viruses and the hit viruses BAP1 , 
BAP 13, and BAP31 . Total RNA was isolated seven days after infection 
and used in Real-time PCR analyses to detect bone-specific alkaline 
phosphatase mRNA. Data were normalized for GAPDH expression levels. 
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often mcreases transduction efficiencies (data not shown; see also 
rig. 1 and Experimental Protocol). 
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Figure 3. Capillary formation assay. (A) Schematic representation of the capillary formation assay HeLa 
cells were infected with the placental adenoviral library. Conditioned medium was transferred after two days 
to HUVEC embedded in collagen. After 48 h, cells were stained with calcein-AM, and digital images of all 
wells were recorded. Image analysis was conducted using an algorithm that calculated the total length of 
the capillaries in a well. (B) To validate the capillary formation assay, HeLa cells were infected with an 
increasing MOI of Ad5/eGFP and Ad5A/EGF-1 65. The conditioned medium was tested in the capillary 
formation assay (n = 28) and analyzed in an ELISA detecting the VEGF-1 65 protein (n = 4). The total length 
of the capillaries per well induced by Ad5/eGFP and Ad5/VEGF-165 is represented by white and black bars, 
respectively. The corresponding VEGF-165 protein concentrations are depicted as black triangles. No 
VEGF-1 65 protein was detected in the conditioned medium of cells infected with eGFP adenovirus. (C) 
Graphic representation of a typical result of the capillary formation analysis. A baseline was set at the 
average capillary length of the total plate (solid line), and wells with a capillary length of more than the 
average + 3 s.d. (dotted line) were considered to be positive. (D) Photographs of wells of panel (C).The 
lefthand photograph shows a negative well, while the righthand photograph shows the positive well. 
Sequencing of the corresponding plasmid identified this hit as cDNA encoding VEGF-165. 



are analyzing the downstream pathways required for scattering of 
MDCK cells by these CDKIs. 

In a third screen, we attempted to identify novel modulators of 
angiogenesis. During angiogenesis, endothelial cells fuse to form 
tubes, a process that can be mimicked in an in vitro assay. The assay 
was set up as a two-step approach by infecting HeLa producer cells 
and transferring the conditioned medium after two days to primary 
human umbilical vein endothelial cells (HUVEC) (Fig. 3A). Viruses 
transducing vascular endothelial growth factor- 165 (VEGF-165) 
were used as positive controls. The angiogenic properties of the 
conditioned medium were determined by measuring the length of 
capillaries formed by means of image analysis, using a modified 
algorithm (Fig. 3B, C). A total of three hits that scored above the 
average +3 s.d. were isolated after rescreening. Two of these encoded 
secreted proteins: (i) VEGF-165 that differed from the positive con- 
trol in its 5'-untranslated region and (ii) CYR-61, a truncated 
cysteine-rich angiogenic inducer-61 variant that has been shown to 
promote tumor growth and vascularization 14 . The third hit encoded 
the interferon regulatory factor-I (IRF-I) transcription factor 
(GenBank NM_002198). IRF-I has not previously been associated 
with angiogenesis. Additional experiments are being done to under- 
stand the role(s) of this sequence in capillary formation. 

In conclusion, we have screened part of an adenoviral PhenoSelect 
library in three different phenotypic assays. All three assays yielded 
genes known to be involved in the disease processes. In addition, we 
discovered new sequences and known genes that had not previously 
been related to these disease processes. Further validation work is in 
progress to characterize fully and validate these candidate genes. 



As exemplified above, an impor- 
tant strength of the arrayed format 
lies in the wide range of assays that 
can be applied, such as those requir- 
ing morphological readouts and 
assays that have a relatively low sig- 
nal-to-noise ratio. Designine an 
assay for a pooled library can be 
more difficult, in that it callsTdr a 
high level of sensitivity: Also, a par- 
ticular disease-relevant phe notypic 
assay may require reconfiguration, 
which can "cje fime-cunsuming.* 
However, costs associated with 
screening of a pooled library can De 
lower than for arrayed libraxi£5^?rid 
pooled libraries may also , allow the 
Use. pt tewer celTs — an important 
consideration when usyjR primary 
cells that are aitticult to. grow or 
.obtain.. A pooled library is usually 
faster and less costly to construct. 
Concerning library quality, pooled 
libraries can be much more complex 
and therefore cover very rare tran- 
scripts without arraying large num- 
bers of clones. However, the con- 
struction of pooled libraries can lead 
to a bias and decrease in complexity. 
A defined arrayed library, consisting 
of discrete, nonredundant cDNAs, 
including very rare ones, will over- 
come most of the limitations of an 
undefined arrayed library. In sum- 
mary, the adenoviral arrayed screen- 
ing platform provides a tool to 
screen for disease-relevant gene functions, ultimately accelerating 
the development of novel drugs. 



VEGF165 



Experimental protocol 

Construction of adenoviral library. The placental PhenoSelect cDNA 
library was constructed into the expression cassette of the pIPspAdApt6 
adapter plasmid 4 , which contains part of the adenoviral genome. 
Individual bacterial clones of the primary library were grown overnight in 
96-well plates in standard Luria-Bertani (LB) medium. Bacteria were pre- 
cipitated and processed by a modified alkaline lysis procedure 15 using an 
integrated liquid-handling system. The resulting plasmids were quantified 
using SYBR Green (Molecular Probes Europe, Leiden, The Netherlands), 
digested with PI-PspI to release the adenoviral sequences, and co-trans- 
fected into the PER.C6/E2A adenoviral packaging cells together with the 
helper cosmid DNA containing the remaining part of the adenoviral 
genome. Transfections were carried out in 96-well plates on a Jobi-Well 
( Jenoptik, Jena, Germany) using a master mix of helper DNA and lipofect- 
amine (Invitrogen, Carlsbad, CA) in DMEM. Three weeks after transfec- 
tion, crude lysates were obtained by freeze-thawing and used to propagate 
the viruses. The average titer of the library was determined by RT-PCR 5 . 

Osteoblast differentiation. Human MSC were seeded in 60 ul of Ct-MEM 
(Invitrogen) containing 10% (vol/vol) FBS at 1,000 cells/well in black 384- 
well plates with clear bottoms. To optimize transduction efficiencies of Ad5 
viruses, we infected the cells with a capsid- 
modified virus transducing the hCAR 6 . Ad5-hCAR virus was added to each 
well 24 h after plating at an MOI of 100, followed by control viruses or virus- 
es from the PhenoSelect library at an average MOI of 5,000. Following incu- 
bation for six days at 37?C, 10 ul of a 4-methyiumbelliferyl he pta phosphate 
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(MUP) solution (Sigma-AIdrich, St Louis, MO) was added to each well 
Plates were incubated for 15 min a. 37°C and measured on a Huo^ZL 

cencereader(BMG,Offenbur g ,German y) .Foreachp.ate,anavei flu ^ 
cence value and a standard deviation were calculated, any wel. ZtZtl 
more than the average plus 3 s.d. was scored as a hit. 

To discriminate between bone-specific alkaline nhn t «k . , . 
alkaline phosphatases, total RNA from MSC E^SSRELE 
■nfection using Trizo. (Invitrogen). Primers speciS^X 
line phosphatase for SYBRGreen real-time PCR (AmmIa 
Foster City, CA) were as follows: U^T^SJ^^^ 

wTn^n^ 

Scatter assay MDCK-2 cells were cultured in DMEM (Invitrogen) con- 

TZ r ( 7T heat ; inac,ivated FBS - ™ e «* — S Z 

96-wel. plates a density of 1.5 X lo> cells/well. Cells were infected 20 h 
after seeding a, an average MOI of 2,500. The supernatant was removed 
48 h post mfection and 50 0 of 0.5 M M calcein-AM (Molecular Probes 
Europe) ,n PBS were added. The plates were incubated i the da k a. room 
temperature for 30 min. Readout was conducted using a fluore " nc " 
microscope, and all wells were visually indeed for the presence of" 1 

nd vTn'7 f ti e > h3Ve rem3ined epi,helia " *"<» ««• '"a. g'ot 
individually (i.e., have scattered). 6 

I M0 i. t » ° 3 384 - We " P' ate at a ceU density of 

5,000 ce k/well ,n SFM medium (Invitrogen). They were infected at an 
average MOI of 200 and incubated for 48 h. HUVEC were cuhured „ 
EBM2. S upp,e mente d medium (Clonetics-Biowhittaker, Verviers, 
Belgium) They were made quiescent 48 h before use, embedded in colla 
gen type I (S.gma-Aldrich) as described-, and seeded in a 384-weH Ze 
CeHs were stained with calcein-AM 48 h after transfer of the ol io„ d 
medmm from the HeLa cells to the HUVEC, and images were recorded. 

thresholdmg for background subtraction, followed by a skeletonization 

mZ ^ e,ermin ; ,he ,eng,h of ,he °— *— " 

VEGF-165 protein was determined by ELISA (R8,D, Minneapolis, MN). 

Note: Supplementary information is available on the Nature 
Biotechnology website. 'mure 
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